Multicellularity is the premier example of a major evolutionary transition in individuality and was a foundational event in the evolution of macroscopic biodiversity. The volvocine chlorophyte lineage is well suited for studying this process. Extant members span unicellular, simple colonial, and obligate multicellular taxa with germ-soma differentiation. Here, we report the nuclear genome sequence of one of the most morphologically simple organisms in this lineage-the 4-celled colonial Tetrabaena socialis and compare this to the three other complete volvocine nuclear genomes. Using conservative estimates of gene family expansions a minimal set of expanded gene families was identified that associate with the origin of multicellularity. These families are rich in genes related to developmental processes. A subset of these families is lineage specific, which suggests that at a genomic level the evolution of multicellularity also includes lineagespecific molecular developments. Multiple points of evidence associate modifications to the ubiquitin proteasomal pathway (UPP) with the beginning of coloniality. Genes undergoing positive or accelerating selection in the multicellular volvocines were found to be enriched in components of the UPP and gene families gained at the origin of multicellularity include components of the UPP. A defining feature of colonial/multicellular life cycles is the genetic control of cell number. The genomic data presented here, which includes diversification of cell cycle genes and modifications to the UPP, align the genetic components with the evolution of this trait.
Introduction
The evolution of multicellular organisms from unicellular ancestors is an example of a transition in the unit of selection and evolution, in this case, from the level of the cell to the level of the multicellular group. Explaining such a major evolutionary transition (sensu Maynard Smith and Szathmary 1995) on evolutionary principles is a challenge, because explanatory concepts such as fitness and individuality are themselves changing during the transition. Critical in this endeavor to explain the origin of multicellular life is understanding the initial steps involved in the transition from a unicellular life cycle to a life cycle involving groups of cells (Maliet et al. 2015; Rashidi et al. 2015) . The volvocine green algae provide a compelling model system to deconstruct these early steps (Starr 1968; Kirk and Harper 1986; Kirk 1999 Kirk , 2005 Herron and Michod 2008; Herron 2009 ). The value of the volvocines as a model system is due to 1) the relatively recent evolution of multicellularity in the lineage ($234 Mya) ) when compared to lineages such as land plants and metazoa (600-1000 MYA) (Sharpe et al. 2015) , 2) the availability of extant taxa with varying levels of organismal complexity, and 3) with phylogenetic relationships sufficiently resolved for meaningful comparative analyses (Larson et al. 1992; Coleman 1999; Nozaki et al. 2000; Nakada et al. 2008; Herron et al. 2009; Nozaki et al. 2014 Nozaki et al. , 2016 .
The volvocine algae form a monophyletic lineage within the reinhardtinia-clade of the order Chlamydomonadales (Nakada et al. 2008) . Members include single-celled species (e.g., Chlamydomonas reinhardtii), simple colonial forms where multicellularity can be facultative (e.g., the 4-celled Tetrabaena socialis and the 16-celled Gonium pectorale) to complex multicellular taxa with germ-soma differentiation (e.g., Volvox carteri) Coleman 2012) . Multicellular members of the lineage are divided into three families: the Tetrabaenaceae (e.g., T. socialis), the Goniaceae (e.g., G. pectorale) and the Volvocaceae (e.g., Pleodorina starrii and V. carteri) (Coleman 1999; Nozaki et al. 2000) . Comparative genomic analyses of C. reinhardtii (Merchant et al. 2007 ), G. pectorale (Hanschen et al. 2016) , and V. carteri f. nagariensis (hereafter V. carteri) ) have revealed protein-coding potential to be similar across the lineage. Consequently, research into volvocine developmental complexity has largely focused on gene exaptation/cooption rather than protein-coding novelty Kirk 2001; Nishii et al. 2003; Duncan et al. 2006; Hanschen et al. 2014 Hanschen et al. , 2016 Olson and Nedelcu 2016; Grochau-Wright et al. 2017) . Genome comparisons have furthered our understanding of some of the important developmental traits. These include: the association between expanded extracellular matrix (ECM) genes and morphological expansion of the ECM in V. carteri, Hanschen et al. 2016 ) and the master regulator of germ-soma differentiation in V. carteri regA ) and closely related regA-cluster genes (Duncan et al. 2006; Hanschen et al. 2014 ) originated near the split between the Goniaceae and Volvocaceae (Hanschen et al. 2014 (Hanschen et al. , 2016 Grochau-Wright et al. 2017) .
In accordance with the expectation that the transition to multicellular life involves construction of a life cycle at the level of the cell group (Maliet et al. 2015) , previous work, including genomic analyses, in the volvocine algae has shown that cell cycle genes are among the earliest diversifying gene families Hanschen et al. 2016) . These include the expansion of CYCD1 genes relative to C. reinhardtii in G. pectorale and V. carteri Hanschen et al. 2016 ) and a role for the retinoblastoma pathway in cell cycle modifications associated with multicellularity (Hanschen et al. 2016 ). The palintomic multiple-fission life cycle of the unicellular C. reinhardtii includes a brief phase as a group where division has occurred but separation is incomplete. This brief phase is rapidly followed by separation during which there is no growth. In contrast, cell growth in T. socialis occurs in the group context. The order of cell cycle events has changed in T. socialis such that the separation stage occurs after cell growth and before division in the group life cycle instead of before growth in the unicellular cycle (Maliet et al. 2015) . Another major difference between the multicellular program of division and the unicellular program is that the maximum number of divisions (n) is genetically determined in the multicellular taxa and not in C. reinhardtii (Kirk 2005) .
To date, sequenced colonial and multicellular volvocines are from the Goniaceae and Volvocaceae families. Members of the Tetrabaenaceae family, which is sister to the Goniaceae and Volvocaceae families ( fig. 1 ), possess morphological traits that can be used to make inferences about the colonial forms ancestral to the Goniaceae and Volvocaceae families. The most well studied member of the Tetrabaenaceae family is the 4-celled T. socialis (supplementary fig. S1 , Supplementary Material online), which is amongst the "simplest" of known colonial multicellular eukaryotes (Nozaki 1986; Arakaki et al. 2013) . The nuclear genome of T. socialis is analyzed here (organelle genomes have been described elsewhere [Featherston et al. 2016] ). Our analyses confirm the limited differences in protein coding potential between the unicellular C. reinhardtii and the colonial/multicellular taxa. A small set of orthologous gene families were identified that arose at the evolution of colonial living and an even smaller set of families showed expansion in colonial/multicellular taxa. Although few families were gained or expanded, these include a number of genes with putative functions related to DNA repair, surveillance of DNA damage or are homologous to metazoan oncogenes. We show here that this diversification of cell cycle genes began at the earliest possible stage with the evolution of a 4-celled Tetrabaena colony and that the genetic determination of colony size was likely one of the earliest group properties to evolve. Methods to detect positive and accelerating selection, as well as other findings, identified numerous genes involved at most points in the ubiquitin proteasomal pathway (UPP) and we discuss a role for the UPP in the genetic control of cell number.
Results and Discussion
Genome Assembly A final Tetrabaena socialis (NIES-571) genome assembly was generated after combining Allpaths-LG (Gnerre et al. 2011) and SPAdes (Bankevich et al. 2012) assemblies from coverage in excess of 400Â. The combined meta-assembly produced 20,363 contigs, 5,856 scaffolds and totalled 135.7 MB in length. The N50 values for contigs and scaffolds were 7.4 and 145.9 KB, respectively (table 1). The T. socialis genome is highly GC-skewed with a GC content of 66%. Kmer analyses with Jellyfish (v2.0.0) (Marcais and Kingsford 2011) and GenomeScope (Vurture et al. 2017 ) (e.g., supplementary fig. S2 , Supplementary Material online), Allpaths-LG and BBtools (http://jgi.doe.gov/data-andtools/bbtools/, last accessed January 3, 2018) did not converge on the same estimated genome size or repeat content (supplementary table S1, Supplementary Material online). The estimated genome is likely to be at least $120 MB with repeat content in excess of 20%, which is similar to C. reinhardtii (19%) and V. carteri (20%) ).
Transcriptome Assembly and Annotation A de novo transcriptome was generated using Bridger De Novo (r2014-12-01) (Chang et al. 2015 ) from 75 million paired RNAseq reads (v4 SBS 2 Â 125 bp chemistry). TransRate (1.0) (Smith-Unna et al. 2016 ) was used to evaluate assembly quality and to filter contigs (n ¼ 23,559). The TransRate Optimal Assembly Score was 0.362. By comparison, 50% of 155 publically available de novo transcriptomes have been shown to have a TransRate Optimal Assembly Score of 0.35 (SmithUnna et al. 2016) . A total of 21,823 (92%) assembled transcripts mapped to the genome assembly (90% mapped with >95% of contig length). Computationally derived annotations were generated using the MAKER2 pipeline (v2.31.3) (Holt and Yandell 2011) with evidence for computational predictions derived from de novo assembled transcripts, protein sequences from publically available volvocine genomes (from C. reinhardtii, G. pectorale, and V. carteri, supplementary table S2, Supplementary Material online) as well as the SWISS-PROT database (Boutet et al. 2016 ) of curated proteins. Automated annotations produced 15,513 proteincoding loci, which is a value similar to other volvocines (table 1) . A total of 65% of proteins modeled by MAKER2 Featherston et al. . doi:10.1093/molbev/msx332 MBE were in possession of at least one Pfam-A domain (Finn et al. 2014 ) and 93.8% of Eukaryotic Clusters of Orthologous Genes (KOG) domains (Parra et al. 2007 ) could be identified in the predicted proteome. Nonredundant homologs for at least 91% of C. reinhardtii KOG proteins (n ¼ 406) (Parra et al. 2007 ) were identified in the T. socialis predicted proteome, indicating that at least 90% of genes were modeled. Manual annotation of gene families (e.g., pherophorins or supplementary table S24, Supplementary Material online orthologues) showed similar levels of model coverage. The average intron length in T. socialis is greater than those of other volvocines (table 1) . This is likely due to a mixture of the highly repetitive nature of the genome and due to assembly artifacts that are the result of inflated average mate-pair insert distances spanning exons. Using OrthoMCL (v2.09) 
Domain Content
Comparing domains in C. reinhardtii with those of the multicellular taxa (T. socialis, G. pectorale, and V. carteri) in a 2-way comparison identified only 61 domains as significantly enriched (P ¼ 0.05). With false discover rate (FDR) correction only 12 of these domains were significant (q ¼ 0.05). Of the 61 domains at an alpha of 0.05 only 18 were enriched in the multicellular taxa (the other 43 were enriched in C. reinhardtii). A further 30 domains were identified as present in T. socialis, G. pectorale, and V. carteri but absent from the proteome of C. reinhardtii (supplementary table S5, Supplementary Material online). Domains that were significantly enriched (n ¼ 61) and domains unique to the multicellular taxa (n ¼ 30) were combined (total n ¼ 91) and examined for their presence in selected eukaryotic model species (supplementary table S2 fig. S5 , Supplementary Material online) but rather the majority (n ¼ 59) were of a more universal eukaryotic origin (supplementary fig. S5 , Supplementary Material online). These findings are consistent with previous volvocine genomes, which suggested that extensive domain novelty was not a major feature of the evolution of multicellularity in the volvocines Hanschen et al. 2016) . With the exception of the gametolysin domain (Hanschen et al. 2016) enriched domains between C. reinhardtii and V. carteri (Hanschen et al. 2016 ). However, it remains unknown if this increased proteome complexity was important for the evolution of multicellularity. Using results from Wagner's symmetric parsimony a set of 131 gene families was gained/originated at the origin of volvocine coloniality/multicellularity ( fig. 2) . For simplicity these genes were labeled as the "origin of multicellularity" (ORIMC) gene set (supplementary table S9, Supplementary Material online). Argot2 (http://www.medcomp.medicina.unipd.it/ Argot2/, last accessed January 3, 2018) (Falda et al. 2012) , InterProScan (Quevillon et al. 2005) as well as BLASTP (Altschul et al. 1997 ) homology to C. reinhardtii proteins were used to annotate the ORIMC gene set. BLASTP queries to the RefSeq nonredundant (nr) database (O'Leary et al. 2016) identified homology matches to proteins from a diverse range of organisms including both unicellular and multicellular taxa (supplementary fig. S6 , Supplementary Material online). The majority of matches (n ¼ 59) are to proteins present in both unicellular and multicellular taxa. Of the 131 families, homologues (outside of the volvocine lineage) were not identified for 52 families (E ¼ 1 Â 10 À10 ). A substantial proportion of ORIMC families (40%) are therefore lineage specific without an ascribed function, which highlights that the evolution of multicellularity is associated with lineage specific mechanisms at the molecular level. Domains present in these lineage-specific families include a number of domains with a role in nucleic acid binding suggesting that some of these proteins have a role in transcription or translation regulation (table 2) . Only three families had matches to proteins from multicellular taxa with no matches to proteins from unicellular taxa, which reveals that the evolution of multicellularity in the volvocine lineage did not arise due to the acquisition or retention of genes that are unique to multicellular organisms or functions. Instead, the ORIMC families are abundant in lineage specific families and genes that are present in both unicellular and multicellular organisms.
A number of families that originate at the ORIMC are candidates for further exploration many of which have putative functions related to developmental or regulatory processes. Of particular interest may be those homologous to DNA repair, DNA damage surveillance and cancer genes, including: breast cancer susceptibility1-like (BRCA1-like) gene, colon cancer-associated protein Mic1-like gene, RECQhelicases, structural maintenance of chromosome 3 proteins (with a recF/recN domain), MutL C-terminal dimerization domain containing proteins and a family of proliferating cell nuclear antigen domain containing proteins (Strzalka and Ziemienowicz 2011) . In relation to the Ubiquitin Proteasomal Pathway (UPP), a family of AAA-type ATPases with a possible role in proteosomal degradation was gained (Bar-Nun and Glickman 2012). Of the 131 ORIMC families, homology (E ¼ 10 À10 ) to C. reinhardtii proteins was not identified for proteins from 30 families. Using TBLASTN to search the C. reinhardtii genome with proteins from these 30 families it was found that 16 gene families had no homology at E ¼ 10 À5 while a further five showed no homology at E ¼ 10
À10
. There were two instances where alignments indicated that an orthologue is present in C. reinhardtii while all other BLAST alignments (E < 10
) were partial or due to repetitive motifs. Argot2 only assigned eight gene ontology (GO) terms to the 30 families. BLASTP searches against the RefSeq nonredundant (O' Leary et al. 2016 ) and UNIPROT-TREMBL databases (Schneider et al. 2009 ) collectively identified only 18 families where matches were not to volvocine proteins, suggesting that certain of the 30 families may have been gained by horizontal transfer events. Families with no homology to C. reinhardtii proteins were likely either lost in C. reinhardtii, gained by horizontal transfer or arose de novo near the origin of multicellularity. Homology to C. reinhardtii proteins could be identified for proteins from the remaining ORIMC families (n ¼ 101), however, it was not determined for how many a C. reinhardtii orthologue might be present. The exclusion of C. reinhardtii proteins from these 101 OrthoMCL Markov family clusters is most likely accounted for by protein diversification, including paralogue divergence from gene duplication events but is not suggestive of ab initio gene formation.
Gene families expanded in the multicellular taxa relative to C. reinhardtii numbered only 27 (supplementary table S10, Supplementary Material online). Amongst expanded families was a family of MutL-related genes and, furthermore, enrichment analysis of expanded families using C. reinhardtii v5 annotations ( 
MBE
In terms of gene function, families of protein kinases and DNA-repair related genes were identified both amongst families gained and expanded at the ORIMC. As molecules with diverse functions it is unsurprising to identify diversification of protein kinases (Francino 2005 ) and protein kinase expansions have previously been associated with the evolution of multicellularity or increasing organismal complexity in other lineages (Rensing et al. 2008; Stajich et al. 2010; de Mendoza and Ruiz-Trillo 2011; Miller 2012; Schultheiss et al. 2012; Glockner et al. 2016) . The expansion or diversification of DNA repair genes (Rad51-type) has been identified in the multicellular brown alga Ectocarpus siliculosus (Cock et al. 2010) , the importance of which is not known and the significance of gained/expanded families of DNA repair-related genes in the multicellular volvocines requires further investigation. There is currently no evidence to suggest that replication fidelity is improved in multicellular volvocines and the general trend across life suggests that mutation rates rise with increased organismal complexity (Lynch et al. 2016 ). This does not, however, preclude specific exceptions to this general trend. Based on the premise that increased organismal complexity potentially results in increased risk of harm from mutations and mutator genotypes (Lynch 2008 ) then a possibility for gains in DNA repair-related genes in the multicellular taxa might be related to increased redundancy in repair mechanisms. Both protein kinase signaling and DNA repair pathways may play a role in regulating the cell cycle (Haring et al. 1995; Branzei and Foiani 2008) . Codeml (Yang 2007 ) site models of positive selection were applied within the Potion pipeline (v1.1.2) (Hongo et al. 2015) to identify evidence for positive selection amongst orthologue families. Analysis was restricted to OrthoMCL families without paralogues with a single protein from each of the 4-volvocine taxa and 73 family clusters with evidence of positive selection were identified (q ¼ 0.05 and m7/8 models, supplementary table S11, Supplementary Material online). It is expected that substantially more families with evidence of positive selection would be detected if paralogues were included. GO enrichment analysis applied to C. reinhardtii v5.5 annotations (Blaby et al. 2014 ) from the 73 families identified 82 enriched terms. Most enriched terms were related to metabolic processes (supplementary table S12, Supplementary Material online). Selection acting upon metabolic processes might be evidence of metabolic adaptations to group living since the initial step of group formation is stressful to organisms due to the challenges of dealing with dying cells and nutrient and waste exchange Sathe and Durand 2016) . Alternatively, selection acting upon metabolic pathways may be indicative of a shift in nutrient acquisition from a mixotrophic lifestyle as per C. reinhardtii to obligate autotrophy, which is a characteristic of the multicellular volvocines. In addition, terms associated with developmental processes were amongst the enriched terms. A number of terms related to the UPP were enriched that ranged from targeting for proteolysis by ubiquitination to proteasomal components. In addition, the MapMan annotation term (Klie and Nikoloski 2012) "protein degradation ubiquitin" and the KEGG pathway "Proteosome" pathway were enriched. Genes from the 73 families with putative functions of interest include genes related to mRNA processing/splicing and polymerization, protein translation, protein shuttling, Ca 2þ sensing and signaling, UPP-related genes, chromatinremodeling, and FIZZY-related kinase activity.
Genome-Level Scans for Conservation and Accelerating Selection
A whole-genome multiple sequence alignment of C. reinhardtii, T. socialis, G. pectorale, and V. carteri was generated, referenced to C. reinhardtii and examined for signature of selection using the PHAST suite of algorithms (v1.1.) (Hubisz et al. 2011) . Highly conserved noncoding elements identified with PhastCons in the volvocine genomes were remarkably sparse-only 101 elements of average length 58.9 bp were identified (5,951 bp) (supplementary tables S13 and S14, Supplementary Material online). This was almost entirely due to the minimal alignment stemming from noncoding sequences, which amounted to only 57,898 bp. The paucity of alignments stemming from noncoding regions can be explained by a high-degree of noncoding genome diversification, simple repeats masking (including removal of duplicate alignments) and the gap content of volvocine genome assemblies, which are highest in the T. socialis (27%) and G. pectorale (21%) assemblies.
PhyloP (Pollard et al. 2010 ) was used to identify features that, relative to C. reinhardtii, showed evidence of accelerating selection in the multicellular taxa. Features were divided according to C. reinhardtii v5.5 annotations into genes (whole genes including untranslated regions), CDS, 3 0 UTR, 5 0 UTR and intergenic regions. With false discovery rate correction (q ¼ 0.05) 129 genes were identified as accelerating in the multicellular taxa relative to C. reinhardtii (supplementary table S15, Supplementary Material online) of which 24 were accelerating faster than the neutral rate (the remaining 105 genes were accelerating in the multicellular taxa relative to C. reinhardtii but not faster than the neutral rate). Amongst the 24 more rapidly evolving genes were the retinoblastoma (MAT3/RB) gene and an SPC97/SPC98 member of the spindle pole body component (also known as Gamma tubulin interacting protein 2 [GCP2]). GCP genes in plants are involved in microtubule cytoskeleton organization and spindle integrity (Janski et al. 2012 ). In addition, the tubulin beta chain 1 gene was accelerating relative to C. reinhardtii. Both genes may be of interest for further investigation because microtubule interactions are important for volvocine developmental traits such as embryo inversion in V. carteri (Nishii et al. 2003) . GO enrichment analysis of the 129 genes identified enriched annotations such as "generative cell differentiation", "regulation of cell cycle" and "actin filament-based movement." Enriched molecular functions included "cyclin binding" and "ubiquitin activating enzyme activity." Enriched MapMan terms included "RNA transcription", "cell organization", "protein degradation ubiquitin E1" and "cell division" (supplementary table S16, Supplementary Material online).
The term "accelerating selection" implies that loci were evolving more rapidly than the neutral rate or, for branch tests, acceleration indicates that loci are evolving more rapidly on a particular phylogenetic branch than for the rest of the tree. Acceleration might indicate positive selection but may also indicate relaxation of purifying selection and/or even ultimately pseudogenization. Therefore, in order to identify if genes accelerating in the multicellular taxa showed evidence of positive selection Potion analysis was repeated specifically for families containing accelerating genes, but with slightly relaxed filters (see supplementary text, Supplementary Material online) employed and with the inclusion of families containing paralogues. The 129 genes were associated with 124 orthoMCL families, of which 67 were valid within the Potion pipeline and 25 (37%) displayed evidence of positive selection (q-value ¼ 0.05). We considered this to be a substantial proportion because accelerating genes without evidence for positive selection might be undergoing pseudogenization or acceleration may be occurring in noncoding parts of gene sequences rather than in CDS.
A total of 42 CDS features were identified (from 38 genes-supplementary table S17, Supplementary Material online) as accelerating in the multicellular taxa relative to C. reinhardtii with 16 accelerating faster than the neutral rate and 6 that were also identified as accelerating in the wholegene analysis. Accelerating CDS features of interest include a putative chromatin remodeling gene and a cytoplasmic Featherston et al. . doi:10.1093/molbev/msx332 MBE dynein heavy chain. Corroborating whole gene analysis and indicating that the coding regions of genes are under acceleration are the ubiquitin activating enzyme 2, ubiquitin ligase 1, GCP2, tubulin beta chain 2, a putative transcription regulator and a putative histone protein. GO enrichment analysis identified the cellular compartment terms "microtubule organizing center", "SWI/SNF complex," and "SWI/SNF-type complex" and the molecular function term "ubiquitin activating enzyme activity" as enriched. As per the gene-level analysis, accelerating CDS regions were examined for positive selection using Potion for 34 OrthoMCL families, which were filtered to 14 and of which 11 were significant for positive selection (79%). This indicates a good correlation, albeit from a limited number of families, between phyloP results and protein-level Codeml analysis, suggesting that the majority of accelerating CDS are under positive selection rather than under-going pseudogenization. Perhaps due to $234 Mya of separation and low-levels of alignment stemming from noncoding regions no 3 0 UTRs, 5 0 UTRs or intergenic regions were identified as accelerating significantly faster than the neutral rate of noncoding DNA evolution. This is similar to the noncoding regions of volvocine organelle genomes, which are replete with extensive tracts of noncoding regions intractable to alignment (Smith and Lee 2009; Smith et al. 2013 ). Diversification of noncoding regions also suggests extensive divergence of regulatory elements and gene regulatory mechanisms (Kianianmomeni 2015) , which in other lineages have been associated with the evolution of multicellularity (SebePedros et al. 2016). As per findings from proteome-wide scans of positive selection amongst orthologues, accelerating genes and CDS with evidence of positive selection include genes with functions related to the UPP (e.g., ubiquitin-activating enzyme 2 and ubiquitin ligase 1), Ca 2þ sensing and signaling (e.g., calmodulin 4) and protein shuttling (e.g., heat shock protein 70), which is further evidence of selection acting on these processes. Genes with these functions are likely to be important for basic cellular functions and regulatory processes and have been associated with cell cycle regulatory functions (Goldknopf et al. 1980; Ciechanover et al. 1984; Kao et al. 1985; Goebl et al. 1988; von Kampen and Wettern 1991; Cheng et al. 2005; Choi and Husain 2006) .
Cyclins and the Retinoblastoma Gene
Theoretical models (Maliet et al. 2015; Rashidi et al. 2015) and observations of traits in extant taxa such as T. socialis (Arakaki et al. 2013) suggest that alterations to the cell cycle was one of the primary and contingent steps to emerge at the origin of group living (Kirk 2005; Herron and Michod 2008) . The underlying genetic components that control the cell cycle are therefore of special interest. The primary genetic components of the cell cycle regulation pathway are similar throughout the volvocine lineage (Bisova et al. 2005; Merchant et al. 2007; Olson et al. 2010; Prochnik et al. 2010; Cross and Umen 2015) and are generally similar to those found in most eukaryotes. However, the cyclin D1 (CYCD1) gene has expanded through tandem duplication from a single copy in C. reinhardtii to four copies in V. carteri and G. pectorale Hanschen et al. 2016 ). The expansion of CYCD1 was identified in the T. socialis genome, three copies of CYCD1 were identified and confirmed using rapid amplification of cDNA (RACE) and Sanger sequencing ( fig. 3 , supplementary tables S18 and S19, Supplementary Material online). Two of the CYCD1 copies are located in close proximity on the same scaffold while the third copy is found on a separate scaffold (supplementary fig. S7 , Supplementary Material online). The expansion of CYCD1 genes in T. socialis suggests that CYCD1 expansion traces back to the formation of colonial multicellularity and that an additional duplication event (resulting in four copies) most probably occurred later, after the G pectorale and V carteri lineage split from the Tetrabaena lineage. CYCD1 expansion in the simple colonial T. socialis supports the hypothesis that the expansion was integral for the development of colonial multicellularity. As per other volvocines (Merchant et al. 2007; Prochnik et al. 2010; Hanschen et al. 2016 ) the repertoire of cyclin-dependent kinases is similar in T. socialis (supplementary fig. S8 , Supplementary Material online).
In most eukaryotic lineages including the volvocines Dtype cyclins interact with the retinoblastoma (RB) gene (a notable exception being yeast) (Muller et al. 1994 The 4-Celled Volvocine T. socialis . doi:10.1093/molbev/msx332 MBE RB homolog (also known as MAT3) is important for the formation of colonial multicellularity (Hanschen et al. 2016 ) and may be involved in oogamous sexual reproduction in V. carteri (Kianianmomeni et al. 2008; Ferris et al. 2010; Hiraide et al. 2013 ). Transformation of a MAT3/RB negative strain of C. reinhardtii with the G. pectorale RB gene was found to cause colony formation in the unicellular C. reinhardtii (Hanschen et al. 2016) . The transformative effect of the G. pectorale RB gene was proposed to be due to specific differences of the RB protein structure observed between C. reinhardtii RB and the G. pectorale and V. carteri RB proteins. Including T. socialis, G. pectorale, V. carteri, and other published RB protein sequences from Yamagishiella, Eudorina, and Pleodorina (Hiraide et al. 2013 ) the colonial/multicellular taxa were confirmed to possess a shortened linker region between the RB-A and RB-B domains (supplementary table   S20 and fig. S9, Supplementary Material online) . Phylogenetic analysis of MAT3/RB proteins was in accordance with Hiraide et al. (2013) (supplementary fig. S10 , Supplementary Material online). Following Hanschen et al. (2016) cyclin-dependant kinase (CDK) phosphorylation targets within the linker region between RB-B and the carboxy (C)-terminal domain were identified in T. socialis, Eudorina spp., and Yamagishiella spp. (fig. 4) . In addition, the PlantPhos server was used to computationally identify additional targets within this region in all examined taxa. Findings show that phosphorylation targets within this region are not an exclusive feature of the C. reinhardtii MAT3/RB protein and do not correlate with the evolution of multicellularity. Results from the PlantPhos server, in particular, show extensive variation in putative phosphorylation targets amongst MAT3/RB protein sequences, and therefore, altered MAT3/RB phosphorylation may be of FIG. 4 . Putative phosphorylation targets in volvocine retinoblastoma protein sequences. Putative phosphorylation targets were manually identified and identified using the PlantPhos server. Featherston et al. . doi:10.1093/molbev/msx332 MBE significance. However, the absence of phosphorylation targets between the RB-B and RB-C domains cannot be associated with the emergence of multicellularity. To further investigate the RB gene, the exon/intron boundaries of RB genes from C. reinhardtii, T. socialis, G. pectorale, and V. carteri were examined (supplementary fig. S11 , Supplementary Material online). Aligned gene structures identified three introns present in T. socialis, G. pectorale, and V. carteri but are absent in C. reinhardtii. The exact intron positions and sequence composition in these regions are not identical and, thus, gene structures are not identical. However, the intron gains are at least indicative of a predisposition for intron gain at these specific locations and, of more interest, introns gained in these three regions are limited to the multicellular taxa. It is unknown if these introns are important for transcript regulation or if the intron gains have no influence on function. However, if the former is true, it might contribute towards the transformative ability of G. pectorale MAT3/RB to induce colonies in a strain of C. reinhardtii lacking MAT3/RB.
From analysis of cell cycle genes in T. socialis we can conclude that the expansion of D1-type cyclins and alterations to the MAT3/RB gene (shortened RB-A to RB-B linker region) trace near to the origin of colonial of group living, which further supports a role for these genetic alterations for a multicellular program of cell division.
The Ubiquitin Proteasomal Pathway
Although other classes of genes identified in the current investigation are of interest in relation to the genetic control of division number (e.g., protein kinases) the UPP is of particular interest because our various analyses identified genes related to most steps in this pathway (supplementary table S21, Supplementary Material online). Targeted degradation of proteins via the UPP is integral to various cellular processes including but not limited to the removal of misfolded proteins, deflagellation and the regulation of cell cycle proteins (Teixeira and Reed 2013) . The basic components of the pathway include a series of enzymatic steps to bind ubiquitins (or ubiquitin-like molecules) to proteins whereupon they are shuttled to the proteasome and degraded, releasing free ubiquitin molecules and degraded protein products. Specialized ligases (E3 ligases) that target specific proteins take the form of RING-U-box complexes, which vary but may consist of cullins, transducins, E2 conjugators, and various other molecules (e.g., SKP1 in the Skp1-Cullin-F-box complex) (Bai et al. 1996; Hershko 2005) . Complexes such as the Skp1-Cullin-FBox complex form the basis of key cell cycle checkpoints. Migration to the proteasome may be facilitated and regulated by chaperones such as heat-shock proteins (Noga et al. 1997; Park et al. 2007; Shiber et al. 2013) . Aspects of the UPP identified in our analyses (supplementary table S21, Supplementary Material online; fig. 5 ) include: ubiquitin activation, conjugation and ligation enzymes (E1, E2, and E3), shuttling and regulation of ubiquitinated targets to the proteasome (HSP70), proteasomal subunits/ATPases as well as components of the cullin-RING ubiquitin ligase-type complexes. The scope and varying nature (e.g., positive selection vs. gained families) of UPP-related modifications identified in our analyses render targeted functional characterization challenging. Together, however, they point to systemic modifications of this pathway in the multicellular taxa. Regulation via the UPP is important for many aspects of cell biology and modifications of this pathway will have far-reaching and unpredictable consequences and hence it cannot be stated with certainty that UPP-related genes identified in our analyses have specifically contributed towards increased developmental complexity in the lineage. Based on of the well-known role in many organisms of the UPP in cell cycle regulation where it has been shown to be an integral means of regulating cell cycle progression (Goldknopf et al. 1980; Ciechanover et al. 1984; Pagano 1997; Nakayama and Nakayama 2005 , 2006a , 2006b Tu et al. 2012; Vlachostergios et al. 2012; Teixeira and Reed 2013 ) the modifications of the UPP pathway will impact cell cycle regulation in the volvocines. The UPP is not well characterized in C. reinhardtii (von Kampen et al. 1995; Vallentine et al. 2014 ) although a relationship between the UPP and the C. reinhardtii cell cycle has been demonstrated (von Kampen and Wettern 1991; von Kampen et al. 1995) . Specifically, the expression of ubiquitin encoding genes is associated with stress responses in C. reinhardtii and their expression has furthermore been associated with progression through the cell cycle (von Kampen and Wettern 1991; von Kampen et al. 1995) . In C. reinhardtii, the number of divisions is highly correlated with the size of the mother cell entering the division phase of the life cycle (Craigie and Cavalier-Smith 1982; Cross and Umen 2015) . A key step that evolved early in the evolution of volvocine multicellularity was the modification of the genetic program to control the number of rounds of cell division (Kirk 2005; Herron and Michod 2008) . Specifically, the maximum number of divisions is genetically controlled in all colonial volvocines and this feature is even present in the comparatively simple 4-celled T. socialis (Arakaki et al. 2013 ). An intriguing feature of the multicellular volvocines is that the maximum number of cell divisions is a characteristic feature of each species, for example, 8-celled T. socialis colonies are rare (requiring three divisions). This suggests that the genetic control program is differentially regulated. Such regulation may occur through various mechanisms, not the least being alternative regulation of key cell cycle regulatory molecules such as RB, which has been shown to be a key regulatory molecule at specific points in the cell cycle (Umen and Goodenough 2001; Olson et al. 2010; Hanschen et al. 2016) . Another molecule of interest is CDKG1, because CDKG1 concentration has been correlated with the number of cell divisions in C. reinhardtii, and after the final round of palintomic division in C. reinhardtii CDKG1 is undetectable (Li et al. 2016) . Evidence suggests that CDKG1 undergoes degradation between rounds of palintomic divisions (Li et al. 2016 ) and hence serves as example of how targeted degradation may control cell division in the volvocines. Modification to the UPP identified in the current investigation associate with even the deeply rooted T. socialis, therefore, although we do not present specific evidence these modifications are associated with a genetic program to control the number of divisions in the volvocines, we propose that because of the known role of the UPP in the cell cycle
The 4-Celled Volvocine T. socialis . doi:10.1093/molbev/msx332 MBE regulation, including in C. reinhardtii, that the modifications are likely to be important for this key evolutionary development. The role of the UPP might conceivably be through regulated degradation of other determinants of the number of divisions such as CDKG1 or MAT3/RB or other cell cycle genes such as the CYCD1 genes.
Additional Analysis of Volvocine Families Associated with Developmental Complexity

Extracellular Matrix Proteins
The two major protein families found in the extracellular matrix (ECM) of volvocines are the pherophorins and matrix metalloproteases (Godl et al. 1995 (Godl et al. , 1997 Sumper and Hallmann 1998; Hallmann 1999) . A total of 36 pherophorin and 34 matrix metalloproteases (MMPs) genes were identified in T. socialis. Separate phylogenies of manually curated pherophorins and MMPs that included proteins from C. reinhardtii (Merchant et al. 2007; Blaby et al. 2014) , T. socialis, G. pectorale (Hanschen et al. 2016) , and V. carteri Hanschen et al. 2016 ) highlight orthologues shared throughout the lineage as well as species-specific expansions (supplementary figs. S12 and S13, Supplementary Material online). As per previous findings (Hanschen et al. 2016) , widespread expansion of pherophorins and MMP genes are not a feature of the colonial taxa such as T. socialis or G. pectorale but rather are limited to V. carteri and are, therefore, best associated with the expansion of the extracellular matrix rather than initial transformation of the cell wall into an extracellular matrix. The C. reinhardtii cell wall hydroxyprolinerich glycoprotein 1 (GP1) gene (Adair et al. 1987 ) is absent from the genomes of T. socialis, G. pectorale, and V. carteri (supplementary table S11, Supplementary Material online). The significance of this is unknown, however, it might be important for understanding the initial transformation of cell wall components into an ECM, which is a feature that all multicellular volvocines share.
RegA-Related Sequences
The evolution of germ-soma division of labor is a key development in complex multicellular volvocines such as Pleodorina and Volvox spp. The somatic regenerator (regA) is a putative transcription factor that is expressed in Volvox carteri somatic cells where it is thought to suppress cell growth via suppression of chloroplast biogenesis. Homologues of regA (regA-like sequences [rls] genes) are found throughout the lineage (Harper et al. 1987; Kirk 1994; Choi et al. 1996; Kirk 1997; Meissner et al. 1999; Duncan et al. 2006 Duncan et al. , 2007 Hanschen et al. 2014 Hanschen et al. , 2016 Grochau-Wright et al. 2017) . The genes rlsA, rlsB, rlsC, and rlsN/O have been identified as syntenically linked to regA in a number of Volvocaceae and show a greater phylogenetic relationship to regA than other rls genes (Hanschen et al. 2014; Grochau-Wright et al. 2017) . Together with regA these genes have been labeled as regA-cluster genes and are absent in C. reinhardtii and G. pectorale. A total of eight RLS genes were identified in T. socialis, which is the same number as in G. pectorale but less than C. reinhardtii (n ¼ 12) and V. carteri (n ¼ 14). Phylogenetic relationships (supplementary fig. S14 , FIG. 5 . The core aspects of ubiquitin proteasomal pathway (UPP) and components highlighted in the current study. E1 activators, E2 conjugators, E3 ligases, and the chaperone HSP70, a 26S proteasomal regulatory subunit, three AAA-ATPase putative components of the proteasome, and two transducins similar to Cullin-RING E3 ligase complex transducins showed evidence of positive/accelerating selection. Furthermore, a family of RING/U-box E3 type ligases, a family of RPM1 interacting proteins, and an FTSH AAA-type protease were gained at the origin of multicellularity. Together these data point towards modification to multiple aspects of the UPP in the multicellular volvocines relative Chlamydomonas reinhardtii. Featherston et al. . doi:10.1093/molbev/msx332 MBE Supplementary Material online) of RLS proteins from C. reinhardtii, T. socialis, G. pectorale, and V. carteri f. nagariensis show that regA-cluster genes are absent in T. socialis and confirm the close relationship of RLS1/RlsD proteins to RegA-cluster proteins (Duncan et al. 2006 (Duncan et al. , 2007 Hanschen et al. 2014) (supplementary fig. S8 , Supplementary Material online), consistent with the hypothesis that the regA-cluster genes evolved from an ancestral RLS1/rlsD gene (Hanschen et al. 2014 (Hanschen et al. , 2016 .
Fasciclin-Domain Containing Proteins
A V. carteri fasciclin-domain containing protein known as the algal-cell adhesion molecule (algal-CAM) has previously been shown to be required for V. carteri embryogenesis and embryo inversion (Huber and Sumper 1994) . Protein phylogenetic relationships of fasciclin-domain containing proteins from C. reinhardtii (N ¼ 21), T. socialis (n ¼ 18), G. pectorale (n ¼ 17), and V. carteri (n ¼ 17) show that 2 V. carteri proteins (JgijVolca1j127393 and JgijVolca1j108097) cluster separately with the annotated V. carteri algal-CAM protein (JgijVolca1j127389) ( fig. 6 ). Orthologues of algal-CAM were not found in C. reinhardtii, T. socialis, or G. pectorale. While G. pectorale undergoes a form of partial inversion V. carteri undergoes complete embryo inversion. The absence of algal-CAM orthologues in C. reinhardtii, T. socialis, and G. pectorale supports that algal-CAMs are required for complete embryo inversion in V. carteri (Huber and Sumper 1994) . As yet it is unknown how CAMs are involved in inversion. A possible role might be that CAMs are required for reconstitution of cellular connectivity after cellular inversion around cytoplasmic bridges and are candidates for further exploration as cell adhesion molecules, which may play an important role in volvocine developmental biology.
Conclusions
We present findings from the nuclear genome of one of the simplest eukaryotic colonial multicellular organisms-the 4-celled volvocine T. socialis-as well as comparative genomic analyses with the three other available volvocine genomes. In keeping with previous findings, extensive increases in proteome complexity are not associated with the origin of coloniality in this lineage Hanschen et al. 2016 ). However, gene families gained near the origin of coloniality were enriched in genes related to developmental processes such as DNA repair, protein kinase activity, cell adhesion and extracellular functions. Furthermore, gene families gained at the origin of coloniality are enriched in lineage-specific genes (40%) indicating that at the molecular level the transition to multicellularity involves a strong component of lineage specificity. In addition, over 200 genes with evidence of either positive or accelerating selection trace back to T. socialis, which suggests that the evolution of volvocine multicellularity has been shaped by numerous genetic loci. Diversification of cell cycle genes as well as modification to components of the UPP were identified that emerged at the beginning of colonial living and associate with the evolution of a genetic program for the control of cell number.
Materials and Methods
Culturing, Nucleic Acid Extraction, and Sequencing An axenic preparation of T. socialis NIES-571 was cultured in tris-acetate-phosphate medium (Gorman and Levine 1965) as per Arakaki et al (2013) . Total DNA was extracted using standard Volvox DNA isolation method (Miller et al. 1993) and RNA was extracted 2 h into the dark phase of the life cycle with Thermo Fisher Tri reagent (Waltham, MA, USA). Pairedend sequencing libraries for DNA were prepared using the Illumina TruSeq DNA library preparation kit (San Diego, CA, USA) and libraries with two insert sizes were generated ($180 and $450 bp). A 6 kb insert mate-pair library was generated using the Illumina Nextera Mate-Pair Library Kit (San Diego, CA, USA) and automated pulse-field size selection on the Sage BioScience Blue-Pippen (0.75% agarose cassette, Beverley, MA, USA). An RNA-seq library was prepared with the TruSeq stranded-mRNA kit (cat # RS-122-2101). Sequencing was performed on an Illumina HiScanSQ (2 Â 100 bp), HiSeq 2500 (2 Â 100bp and 2 Â 125 bp), and MiSeq (2 Â 300 bp).
Genome Assembly
An Allpaths-LG assembly (v48057) (Gnerre et al. 2011 ) was generated using mate-pair data and paired-end data from short reads (2 Â 100 bp) as well as longer MiSeq reads that were trimmed to 150 bp. A SPAdes (v3.1.1) assembly (Bankevich et al. 2012) was generated using only MiSeq data (2 Â 300bp), using the multi-Kmer approach (maximum kmer of 127) and subsequent scaffolding with mate-pair data was performed with Opera (v1) (Gao et al. 2011) . The Allpaths-LG and SPAdes assemblies were combined using MetaAssembler (Wences and Schatz 2015) with the Allpaths-LG assembly selected as the "master" assembly. Further improvements to the assembly in terms of gap content and accuracy were made using Gapfiller (Boetzer and Pirovano 2012) and Pilon (Walker et al. 2014) . Multi-kmer analysis was performed with Jellyfish (v2.0.0) (Vurture et al. 2017) , Allpaths-LG and BBtools (http://jgi.doe.gov/data-andtools/bbtools/, last accessed January 3, 2018).
Transcriptome Assembly and De Novo Gene Prediction
Transcriptome assembly was performed from $150 million reads using Bridger de novo (r2014-12-01) (Chang et al. 2015) (k ¼ 25) and was examined for quality using TransRate (v1.0) (Smith-Unna et al. 2016) . Automated gene predictions were performed using MAKER2 (v2.31.3) (Holt and Yandell 2011) using protein homology data and de novo transcripts generated by Bridger assembly. Consensus models were generated by MAKER2 from genes predicted by Augustus (v3.02) (Stanke et al. 2004) , Genemark (v4.10) (Borodovsky et al. 2003), and SNAP (v2013-11-29) (Korf 2004 (Altschul et al. 1997) to the UniProt TREMBL database (Schneider et al. 2009 ) as well as by identifying homology to proteins from sequenced volvocines.
Global Coding Content
Proteomes were collected for all available genome sequenced chlorophyta (supplementary table S2, Supplementary Material online), additional transcriptome-derived proteomes from chlorophyta in the Chlamydomonadales order, yeast and selected model metazoans and plants. Domains were identified using hmmsearch (HMMER v3.1) against Pfam-A. Domain content was compared between C. reinhardtii and multicellular taxa with a v 2 -test. Benjamini-Hochberg false discovery rate (FDR) correction (Hochberg and Benjamini 1990) was applied (q ¼ 0.05), however, for further analysis of phylogenetic origin domains significant at an alpha of 0.05 were considered. Domains with significant difference in abundance (P ¼ 0.05) as well as domains shared by multicellular volvocines are absent in C. reinhardtii were identified for presence in opistokonta (yeast and selected metazoa), FIG. 6 . Phylogeny of fasciclin-domain containing volvocine proteins. Included in the phylogeny are proteins from Chlamydomonas reinhardtii (green), Tetrabaena socialis (magenta), Gonium pectorale (blue), and Volvox carteri (black). Highlighted in yellow is a branch identified by Count to have been gained at the origin of multicellularity. Highlighted in purple are Volvox algal-CAM proteins. Featherston et al. . doi:10.1093/molbev/msx332 MBE chlorophyta, and plantae. Orthologue protein families for all available genome-sequenced chlorophyta were generated with OrthoMCL (v2.09) (Li et al. 2003 ). An RAxML (v8.2.0) phylogeny (Stamatakis 2006 ) was first generated from 1:1 orthologue families (singletons, n ¼ 927). The expansion and contraction of Markov families were examined within the Count environment (v10.04) (Csurös 2010) using Dollo and Wagner's parsimony (symmetric and asymmetric-gain cost of 2). Families gained in the multicellular volvocines and families with expanded protein numbers in the multicellular volvocines were further annotated with manual curation of outputs from BLAST, InterProScan, and Argot2 (Falda et al. 2012) results.
Positive Selection in Orthologue Protein Families
OrthoMCL family clustering was repeated except only volvocine proteomes were included. Identification of families with evidence of positive selection was performed using the Potion pipeline (v1.1.2) (Codeml with site-models) (Yang 2007; Hongo et al. 2015) . Only singleton families were examined. Identified families with evidence for positive selection (q ¼ 0.05) were examined for Gene Ontology, MapMan and KEGG pathway enrichment via the Algal Functional Annotation Tool (http://pathways.mcdb.ucla.edu/algal/ index.html, last accessed January, 2018) (Lopez et al. 2011 ).
Genomic Elements with Evidence of Conservation or Acceleration
Whole genome alignments for volvocine genomes were performed using LAST (Kiełbasa et al. 2011 ) and TBA-Multiz (Blanchette et al. 2004 ) and multiple sequence alignments (MSA) were referenced to the C. reinhardtii genome thereby removing alignments that did not include C. reinhardtii sequences. The PHAST suite of software (v1.1.) was used to analyze elements within the MSA for evidence of conservation and acceleration. After the PhastCons (Pollard et al. 2010) parameters Gamma and Omega were optimized (supplementary table S22, Supplementary Material online) PhastCons was used to identify discreet highly conserved regions while gene (whole genes including untranslated regions), coding sequences, intergenic regions, and untranslated gene regions (3 0 and 5 0 ends of genes) were examined in separate analyses for evidence of acceleration in the multicellular taxa using phyloP with Benjamini-Hochberg FDR correction applied (Hochberg and Benjamini 1990) . Enrichment analyses were performed as per families with evidence of positive selection (Lopez et al. 2011) . Potion was used to examine accelerating genes (identified by either gene-level analysis or CDS-level analysis) for evidence of selection, this time with families containing paralogues included.
Specific Gene Families
Tetrabaena socialis orthologues of cell cycle genes, matrix metalloproteases, pherophorins, and regA-related genes were identified. D-type cyclins and the MAT3/RB gene were sequenced using capillary sequencing with primers designed from the genome sequence (supplementary table S23 , Supplementary Material online). Furthermore, fasciclindomain containing proteins from all volvocines were identified. Protein phylogenies of these families were generated that included T. socialis proteins and where possible curated sets of proteins from C. reinhardtii, G. pectorale, and V. carteri from Hanschen et al (2016) were used. Orthologues of the "Prochnik Table" genes Hanschen et al. 2016) were identified in T. socialis (supplementary table  S24 , Supplementary Material online).
Data Availability
Raw data used in this study have been deposited in the National Centre for Biotechnology Information (NCBI) Sequence Read Archive (https://www.ncbi.nlm.nih.gov/sra; last accessed January 3, 2018) with the accession number SRX3367147 (paired-end genomics DNA sequences, 2 Â 100 bp), SRX336146 (Miseq paired-end sequences, 2 Â 300 bp), SRX3367144 (RNA sequences), and SRX3367145 (matepair sequences). The annotated genome assembly has been deposited in the NCBI Genome database (https://www.ncbi. nlm.nih.gov/genome/; last accessed January 3, 2018) with the accession number of PGGS00000000. The version described in this paper is version PGGS01000000.
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